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Aerobic biomass granules for waste water treatment 

Background of the invention 
1. Field of the invention 

This invention relates to the production of the biomass of aerobic granules 
for the treatment of waste water. 

In the treatment of waste waters by oxidative biological purification in 
aerobic granular sludge blanket (AGSB) reactors, waste water flows in an upward 
direction through an oxidation chamber in which micro-organisms are present. 
Movement of the suspension of waste water and micro-organisms within the waste 
water chamber is provided by the introduction of an oxygen-containing gas which 
also serves to mix the suspension of biological material and waste water. Within the 
reactors are inner zones of regulated settling which cooperate in the removal or 
accumulation of granules of a specified size range* 

Other types of oxidative reactors which rely on the introduction of an 
oxygen-containing gas at the bottom of an oxidation chamber doubling up through 
waste water to be treated are generally referred to as uplift reactors. Such reactors 
are generally seeded with an active biological sludge which consumes contaminants 
within the waste water thus reducing the level of those contaminants and producing 
biomass which can later be removed from the reactor for recycle, or other uses, or 
disposal. 

One such reactor is disclosed in US Patent No. 5 3 985 5 150 assigned to 
Biothane Systems International B,V. In this patent, there is disclosed an uplift 
reactor in which unsupported granular sludge is used to treat waste water. In this 
reference the sludge is introduced either as a supported or unsupported sludge into 
the reactor and waste water and an oxygen-containing gas supplied through the 
bottom of the reactor. The granular sludge is carried with the upwardly flowing gas 
into a settling region where a portion of the waste water is separated from the sludge 
and the remaining suspension returned to the oxidation chamber. 

One problem with oxidative waste water treatment in reactors of this type is 



the lack of cohesion between the unsupported biomass thus making the handling of 
the biomass generally difficult. In particular, removing the biomass from the treated 
waste water and producing biomass which is suitably robust to be used as a seed for 
other reactors, has proved to be difficult* 

However despite the difficulties in handling unsupported aerobic biomass 
granules it is recognised that the use of such granules over supported biomass 
granules generally has the potential to improve the purification efficiency of 
reactors thus allowing the use of smaller reactor systems. If the biomass of aerobic 
granules can also be produced to a commercially acceptable level, it is expected that 
the use will reduce suspension and mixing energy requirements and give rise to less 
erosion of equipment. However it has been difficult to produce the biomass of 
aerobic granules or biogranules of a sufficient size with adequate physical 
properties to be used effectively in aerobic uplift reactors. 

It is an object of the present invention to provide a method of production of 
aerobic biogranules which can be used in the treatment of waste water. 
Summary of the invention 

The present invention is directed to a method of producing aerobic granules 
under controlled conditions for the treatment of waste water. The method 
comprising the steps of: 

a) introducing waste water into a reactor containing an active biomass ; 

b) supplying an oxygen-containing gas to the reactor to provide a mixing 
action and transfer of dissolved oxygen into the sludge in the waste 
water, the supply of oxygen-containing gas providing a superficial 
upflow gas velocity above 0.25 cm/s; 

c) initiating a period of nutrient starvation in the reactor while continuing 
to supply oxygen-containing gas; 

d) allowing formed aerobic granules to settle; 

e) discharging and replacing at least a portion of the waste water; 

f) repeating steps (a), (b), (c), (d) and (e) until the granules have 
predetermined physical properties; and 



g) recovering bioraass granules within those predetermined properties. 

The applicants have found that aerobic granules suitable for uplift reactors 
and particular AGSB reactors may be formed under the above conditions without 
the need for the use of carrier materials. 

It is believed that the starvation period in the reactor under shear conditions 
causes the biomass to agglomerate forming much more robust granules. 

In another aspect of the invention, there is provided aerobic biogranules for 
waste water treatment having physical characteristics suitable for use in uplift 
reactors. Preferably these physical characteristics include a roundness aspect 
between 0.0 to 3.0, density between L004 to 1.85 g/cm 3 , and average particle size 
between 100 and 10,000 \xm. 

Preferably the distance from any position within the biogranules to the outer 
surface of the biogranules is less than 800 urn. Thus for perfectly spherical 
biogranules the maximum diameter is 1600 urn. 
Description of the drawings 

Figure 1 is a schematic diagram of a column-type reactor used to perform the 
method of the invention; 

Figure 2 is a process flow diagram of the method of the invention; 

Figure 3 is a graph of a COD removal during waste water treatment; 

Figure 4 is a graph of the changes in hydrophobicity of the cell surface over 
operation time; and 

Figure 5 is a graph showing the changes in hydrophobicity as a function of 
starvation time. 

Detailed description of the preferred embodiment of the invention 

While the invention Will now be described with reference to the production 
of aerobic biogranules in specific media, it would be readily recognised by those 
skilled in the art that the invention is applicable to the production of aerobic 
biogranules in any waste water system. 

Due to the nature of bacterial degradation in waste waters, those bacteria 
which are best adapted to the particular media will proliferate while those without 



the ability to metabolise material in the media will not be dominant. Hence the 
inoculant for the process need only contain a range of bacteria. 

In a typical method according to the invention, a reactor similar to Figure 1 is 
fed with waste water and an active biomass sludge. The preferred method as 
illustrated in Figure 2 involves initially step 1 of feeding the suspension of waste 
water and sludge without the supply of an oxygen containing gas. 

The second step involves supplying an oxygen containing gas to cause the 
biomass to undergo oxidative respiration while under the shear conditions provided 
by the supply of gas. 

The third step shown in Figure 2 involves stopping the supply of gas and 
allowing the biomass to settle, followed by the fourth step of discharging the 
supernatant and recycling the biomass to step 1. 

Two column-type reactors 10 (1.2 m height) with a working volume of 2.4 1 
were used for sequential aerobic sludge blanket systems (both reactors had the same 
geometrical configuration, as shown in Figure 1, and the internal diameter of the 
reactor was 5 cm). The reactors were fed with waste water and started up by adding 
an active biomass sludge. In the examples 800 ml of municipal activated sludge 
(3000 suspended solids per litre) was added. Reactor 1 (Rl) was fed with glucose as 
sole carbon source and reactor 2 (R2) with acetate as sole carbon source. Other 
operation conditions were kept the same for both reactors. Effluent was drawn at the 
middle port 12 of the column 10. The reactor was operated for 4 h per cycle with an 
hydraulic retention time (HRT) of 8 h and a substrate loading rate of 6.0 kg 
chemical oxygen demand (COD) m" 3 per day was applied. The filling and withdraw 
time were each 5 min, the settling time was varied from 20 to 1 min and the 
remainder was the reaction time. No idling time was applied in the present research. 
The mean sludge retention time was 7 d in Rl and 9 d in R2. Sludge wastage was 
performed through effluent discharge. An oxygen containing gas which in the case 
of the examples was introduced through an air diffuser 11 by an air pump in the 
bottom of the column and controlled by a mass flow controller. An air flow rate of 
3.0 1 min* 1 was applied. This gave a superficial gas velocity of 0.025 m s" 1 



Media 

The composition of the synthetic waste water was as follows: glucose, 1400 
mg 1"'; peptone, 400 mg l" 1 , meat extract (Laboratory-Lemco, Oxoid Ltd, 
Basingstoke, UK), 250 mg l" 1 ; NH4CL, 200 mg F 1 ; K 2 HP0 4 , 45 mg I" 1 ; CaCl 2 2H 2 O s 
30 mg I" 1 , MgS0 4 7H 2 0, 25 mg l l . FeS0 4 7H 2 0, 20 mg l* 1 and microelement 
solution, 1.0 ml I" 1 . The carbon source was substituted by acetic acid (1875 mg l" 1 ) 
in R2. This gave a COD of 2000 mg f \ The microelement solution contained (g T 1 ): 
H 3 B0 3 , 0.05; ZnCl 2 , 0.05; CuCl 2 , 0.03; MnS0 4 H 2 0, 0.05; (NH4) 6Mo 7 0 24 4H 2 0, 
0.05; AICI 3! 0.05; CoCl 2 6H 2 0, 0.05 and NiCl 2j 0.05 (Tay and Yan 1996). The 
influent pH value was adjusted to 7.0 by the addition of NaHC0 3 and H 2 S0 4 . 

The effluent was analysed for COD and the sludge sample for mixed liquor 
suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), sludge 
volume index (SVI) and specific oxygen utilization rate (SOUR) by following a 
standard method (APHA 1995) Standard methods for the examination of water and 
waste water, 19th edn, Washington DC: American Public Health Association. The 
granule size was measured by a laser particle size analysis system (MasterSizer 
Series 2600; Malvern Instruments Ltd, Malvern, Worcestershire, UK) when the size 
was less than 1880 ym or an image analysis system (Quantimcr 500 Image 
Analyser; Leica Cambridge Instruments GmbH, Nubloch, Germany) when the size 
was greater than 1880 urn. Microbial observation was conducted by using either 
microscopy or image analysis (IA). The microbial compositions of granules were 
observed qualitatively with a scanning electron microscope (SEM) (Steriosan 420; 
Leica Cambridge Instruments). The granule samples were gently washed with 
phosphate buffer solution and allowed to settle naturally. The granules were then 
fixed with 4% paraformaldehyde and left for 4 h. The fixed granules were 
dehydrated by successive passages through 40, 60, 80 and 100% ethanol and then 
dried either by Freeze Dryer (Edwards, Crawley, West Sussex, UK) or Critical 
Points Dryer (E3000) (VG Microtech, East Grinstrcad, West Sussex, UK) and 
finally observed by SEM. The biomass density was measured by following the 
method of Beun et al. (1999), "Aerobic granulation in a sequencing bath reactor", 



Water Research 33,2283-2290. Cell hydrophobicity was determined by the method 
described by Rosenberg ei al (1980), "Adherence of bacteria to hydrocarbons; a 
simple method for measuring cell-surface hydrophobicity", FEMS Microbiology 
Letters 9, 29-33. Hexadecane (0.25 ml) was used as the hydrophobic phase. The 
hydrophobicity was expressed as the percentage of cells adhering to the 
hexadadecene after 15-min partitioning. Granule strength was measured by 
following the method of Ghangrckar et al (1996) Experience with UASB reactor 
start-up under different operating conditions, Water Science and Technology 34, 
421-428 and expressed in terms of the integrity coefficient (%), which is defined as 
the ratio of the residual granule volatile suspended solid (VSS) and the total VSS 
after a certain period of shaking. 

The evolution of aerobic granulation was monitored by means of optical 
microscopy, an IA technique and SEM during the operation of two sequential 
aerobic sludge blanket reactors fed with glucose and acetate, respectively. The 
physical characteristics and microbial activity of sludge in terms of SVI, settling 
velocity, size, hydrophobicity, SOUR, strength and roundness were also determined 
during the experiments. 
Seed sludge 

Microscopic examination of seed sludge taken from a local municipal waste 
water treatment plant showed a typical morphology of conventional activated 
sludge, in which filaments are observed. A SEM micrograph further revealed that 
the seed sludge had a very loose and irregular three-dimensional structure. The 
average floe size of the seed sludge was around 70 um with an S VI value of 280 mi 
g" 1 . As SVI values of activated sludge about 150 ml g' 1 are typically associated with 
filamentous growth, , the seed sludge used seemed to be dominated by filamentous 
bacteria. 

Characteristics of aerobic granules 

The characteristics of aerobic granules at different stages and seed sludge 
were determined. Seed sludge had a mean diameter of 70 um with an SVI value of 
280 ml g" 1 . Many filamentous bacteria were present in the seed sludge. One week 



after start-up, the SVI had decreased to 190 ml g"' in Rl and 178 ml g' 1 in R2 and 
compact aggregates were observed in both reactors (Fig. 2). One week later, the 
SVI had further decreased to 125 ml g" 1 in Rl and 114 ml g" 1 in R2 and the 
filamentous bacteria had disappeared in R2. Granular sludge at this stage had a 
much more compact and dense structure than seed sludge and 1-week old 
aggregates. With the operation proceeding, by the third week mature and round 
shaped granules with a clear boundary prevailed in the reactors and no visibly 
suspended biomass was present After 1 min of settling, the mature granules had all 
settled, leaving a very clear supernatant fluid in the reactors. The SVI values of the 
mature granules were 51-85 ml g' in Rl and 50-80 ml g 1 in R2. These results 
clearly show that sludge settleabilily improves significantly as the granulation 
progresses. 

The biomass concentration in the reactors gradually increased after start-up. 
After operation for 3 weeks, a stable concentration of 5.9 g MLSS l" 1 in Rl and 
8.6 g MLSS I" 1 in R2 was reached. The mature granules from Rl still had 
filamentous bacteria extruding from the granule surface. However, the mature 
granules from R2 had a smooth surface as few filaments were observed. Glucose- 
fed granules had a mean diameter of 2.4 mm, with a range of 
1 .0 -3 .0 mm, while granules grown on acetate had a mean diameter of 1 . 1 mm, with 
a range of between 0.5 and 1.5 mm. The microbial diversities of the glucose-and 
acetate-fed granules were different and the glucose-fed granules mainly consisted of 
coccoid bacteria in the internal part of the granule and some rod-like bacteria at the 
surface, with filaments tangled together; however, rod-like bacteria were 
predominant in whole acetate-fed granules. 

The mature granules cultivated in Rl and R2 were found to have very good 
settlcability. The settling velocity was 35 m h* 1 for glucose-fed granules and 30 m 
h" 1 for acetate fed granules. This settling velocity of aerobic granules is comparable 
with that of anaerobic granules cultivated in upflow anaerobic sludge blanket 
reactor (UASB). Results further showed that the mature granules had a dry biomass 
density of 41.1 g r 1 in Rl and 32.2 g f 1 in R2. The biomass densities of granules 



reached in Rl and R2 were relatively low compared with granules obtained in a 
sequencing batch airlift reactor (48 g l" 1 ). Higher settling velocity and biomass 
density of aerobic granules would result from the denser microbial structure. In 
biological systems, biomass serves as the biocatalyst for the degradation of organic 
5 matter. Obviously, a high retainable biomass in the reactor would ensure a faster 
and more efficient removal of organic pollutants, while excellent settling granules 
are essential for the good functioning of biological systems treating waste water. 

The aerobic granules fed with glucose and acetate exhibited comparable 
microbial activity, in terms of SOUR, to conventional activated sludge, 69.4 mg 
10 0 2 g-' MLVSS h" 1 for glucose fed mature granules and 55.9 mg O^" 1 MLVSS h" 1 for 
acetate-fed mature granules. In addition, the mature granules cultivated in both 
reactors had high physical strength and roundness. The roundness of a granule is 
calculated as 47rarea/pcrimeter 2 in which perimeter is the length of the granules 
outline. Aspect ratio is the ratio between the major axis and the minor aspect of an 
15 ellipse equivalent to the granule (Online, l=circle). The characteristic data of both 
glucosc-and acetate-fed mature granules are summarized in Table 1. The systems 
were run very stably for more than 3 months before the experiments were stopped 
with a COD removal efficiency of around 97% at steady state when a loading rate 
of 6.0 kg COD m" 3 d' 1 was applied. The resulting aerobic biogranules are 
20 particularly well suited to use as seed in AGSB reactors. 

TABLE 1 



Characteri stics of glucose- and acetate-fed mature aerobic granules 





Glucose 


Acetate 


Average diameter (mm) 


2.4 


1.1 


SVI (ml «') 


[51-85 


50-80 


Settling velocity (m K l ) 


35 


30 


Biomass concentration in reactor (g f ') 


5.9 


8.6 


Granule density (g f) 


41.1 


32.2 


Granule strength (%) 


98.2 


97.1 


Average aspect ratio* 


0.79 


0.73 


SOURfttifiOzft 1 !!- 1 ) 


69.4 


55.9 


COD removal efficiency (%) 


97 


98 



^Roundness of the particle (0-line I=circic) 

SVI, Sludge volume index; SOUK, specific oxygen utilization rate; 



The SBR system operates in a sequencing cycle of feeding, aeration, settling 
and discharging of supernatant fluid. As a result, micro-organisms growing in the 
SBR system are subjected to a periodical operation cycle. 

The degradation time needed to reduce substrate concentration to a minimum 
was determined during SBR operation. The degradation time displayed a significant 
reducing trend with the increase in the operation cycles. In R2 fed with acetate, 
Fig. 3 shows that the time for COD reduction from 1000 to 100 mg l" 1 decreased 
from 3 h at day 8 to 1 h at day 20. For a given aeration period, it appeared that a 
starvation phase existed during SBR operation. Thus, the aeration time period 
indeed consisted of two consecutive phases, a degradation phase in which the 
substrate was depleted to a minimum, followed by an aerobic starvation phase in 
which the external substrate was no longer available for micro-organisms. It is 
believed that 80% of the aeration period was in a state of aerobic starvation. 

It is believed that under starvation conditions, bacteria became more 
hydrophobic which, in turn, facilitated microbial adhesion and aggregation. 
Aggregation can be regarded as an effective strategy of ceils against starvation. 
Figure 4 shows changes in the hydrophobicity of the cell surface observed in R2 fed 
with acetate. As can be seen in Fig. 4, the seed sludge had a hydrophobicity of 39% 
and the hydrophobicity of the cell surface increased to 73% after the formation of 
aerobic granules at week 3. A similar trend was also observed in Rl fed with 
glucose. It is believed that the hydrophobicity of the cell surface is an important 
affinity force in the self-hnmobilization and attachment of cells. 

Without wishing to be restricted to theory, in a thermodynamic sense, 
increasing the hydrophobicity of cell surfaces causes a decrease in the excess of 
Gibbs energy of the surface and further results in higher cell-to-cell interaction 
strength as well as a dense and stable structure. Consequently, starvation-induced 
changes in the characteristics of the cell surface and morphology seem to be in 
favour of the formation of strong microbial aggregation. 
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As mentioned above, the applicants believe periodical starvation in 
sequencing batch reactor (SBR) systems serves as a trigger for microbial 
granulation in activated sludge. However, the contribution of other operation 
conditions should preferably be controlled especially hydrodynainic shear and flow 
pattern in the reactor. Turbulence caused by upflow air aeration may act as the main 
hydraulic shear in a column-type SBR system, and can be approximately described 
by superficial air velocity. 

In order to verify the effect of hydrodynamic shearing force on aerobic 
granulation, the SBR system of Fig. 1 fed with glucose was started up with two 
different superficial air velocities of 0.008 and 0.025 m s" 1 , respectively. It was 
found that, when the SBR operated at a lower superficial air velocity of 0.008 m s"', 
no granules were observed in the system, but only fluffy floes. However, regular 
shaped granules were successfully cultivated in the SBR operated at a high 
superficial air velocity of 0.025 m s" 1 and preferably above 0.03 m s" 1 . However, at a 
relatively high superficial air velocity of 0.041 m s* 1 , granulation occurred and, 
because of the high shear strength, smooth, dense and stable aerobic granules were 
formed. According to the thermodynamic laws, the hydraulic shearing force in 
SBR, which is caused by upflow aeration, could force those periodical starvation- 
triggered denser aggregates to be shaped as regular granules, which have minimum 
surface free energy. 

The microbial granules were cultured in a sequencing batch reactor with a 
medium containing glucose as the main source of carbon, as described earlier. 
Average diameter was 2.4 mm. Settling time was 2 min. Three 16S rRNA-targeted 
oligonucleotide probes were used to study the structure of the granules by FISH. 
The Eub338 probe with the sequence 5'-GCTGCCTCCCGTAGGAGT-3' was 
labeled with the fluorochrome CY2 and used to detect Bacteria. The Bactol080 
probe with the sequence 5'- GCACTTAAGCCGACACCT -3' was specific for 
Bacteroides spp, (as described in Sghir et al, 2000) Quantification of bacterial 
groups within human fecal flora by oligonucleotide probe hybridization, Applied 
and Environmental Microbiology 66:2263-2266 and was labeled with the 
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fluorochrome CY5, The Nsml 56 probe contained the sequence 5'- 
TATTAGC ACATCTTTCGAT-3 ' and was often used for the detection of 
ammonium-oxidizing bacteria from the Nitrosomonas cluster. This probe was 
labeled with tetrachlorofluorescein (TET). All probes were purchased from 
Research Biolabs, Singapore. Granules were cut with a cryomicrotome (Leica 
CM3050) and 50 um sections were covered by 200 ul of hybridization solution for 
FISH (Kim and Ivanov, 2000). 10 ul of probe solution was added into the well. 
Final concentrations of the probes in the hybridization buffer were as follow: 
Eub338, 110 pmol-mr 1 ; BaetoI080, 305 pinol-ml"', Nsml56, 130 pmol-ml" 1 . The 
specimens were incubated for 4 h at 50 C C, and the hybridization solution contained 
50% formamide. These conditions have been optimized for the specific binding of 
Eub338 and Nsml56 probes (Kim and Ivanov, 2000). Because the Eub338 and 
Bactol080 probes had similar melting temperature, FISH was performed 
simultaneously with these two probes. The probes were washed out after 
hybridization with 1 ml of washing buffer (hybridization buffer without formamide) 
for 2 h at 50°C because the recommended wash temperatures were 54°C for Eub 
probe, 50°C for BactolOSO probe, and 48°C for Nsml 56 probe. 
To detect the exopolysaccharide (EPS) matrix in the granule, FITC-labeled lectin 
(ConA-FITC) from Canavalia ensiformis (Sigma. USA) was applied. A 
LIVE/DEAD® BacLight Bacterial Viability Kit (Molecular Probes, OR, USA) was 
used to detect dead cells. To detect channels and pores with diameters greater than 
0.1 um, granules were incubated for 4 h with a suspension of 0.1 um TetraSpec 
Fluorescent Microsphere Standards (Molecular Probes, OR, USA). Final 
concentration of the microspheres was 2*10 8 particles-ml" 1 . 

The granule images were acquired by a Fluoview300 confocal laser scanning 
microscope (CLSM) (Olympus, Japan). Green and red fluorescence were excited by 
a 10 mW argon laser at 488 nm, separated with a 570 nm splitting filter and 
detected in channel 1 with a longpass filter 510 nm and in channel 2 with a 
bandpass filter 580nm - 640 nm. Red fluorescence from CY5 was excited by a 
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helium neon laser at 633 nm and measured in channel 2 with a longpass filter 660 
nm. 

The edges of the granule were detected by analyzing the intensity of the light 
through the granule. The aerobic layer in the granule was detected by the presence 
of obligate aerobic ammonium-oxidizing bacteria Nitrosomonas spp. This layer was 
situated at a depth of 70-100 Jim from the edge of the granule. Aerobic conditions in 
the interior of the granule were likely supported by the transport of oxygen through 
channels and pores. Channels and pores were detected in the granule and porosity 
values peaked at depths of 300 - 500 pm from the granule surface. 

The anaerobic layer in the aerobically grown granule was detected by the 
presence of obligate anaerobic bacteria Bacteroides spp. This layer was situated at a 
depth of 800 - 900 \xm from the surface of the granule. The layer of anaerobic 
bacteria was followed by a layer of dead microbial cells at a depth of 800 - 1000 \mx 
from the surface of the granule. Anaerobiosis and cell death in the granule interior 
was probably promoted by the formation of polysaccharide plugs in the channels 
and pores. These plugs diminished the mass transfer rate of both nutrients and 
metabolites* Polysaccharide formation peaked at a depth of 400 jam from the 
surface of the granule. 

Diffusion limitation in microbial aggregates may be overcome by the 
formation of channels and pores that interconnect the surface and the interior. The 
aerobic granules in these examples also contain channels and pores that penetrated 
to depths of 900 pxn from the surface of the granule. The anaerobic layer formed 
when the porosity and channelling in the granule interior receded. Generally, the 
depth of the anaerobic layer depends on the microbial metabolic activity and 
transport of oxygen through the channels and the pores. Plugging of these channels 
and pores by polysaccharides will likely promote the formation of the anaerobic 
layer. The central core of the granule consisted of dead cells. Cell death was 
probably caused by diffusion limitation and could also be promoted by the plugging 
of the channels with polysaccharides. 
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The detection of an anaerobic layer in aerobically grown granules can have 
application in the size optimization of these granules. Large granules are likely to 
contain significant numbers of anaerobic bacteria, and the associated gases and 
organic acids produced during anaerobic fermentation can lead to the destruction of 
these granules. Therefore, the optimal diameter for the aerobic granules is proposed 
to be less than 1,600 urn. This is twice the distance from the granule surface to the 
anaerobic layer. 

While the invention has been illustrated with reference to specific media, any 
liquid media can be treated to reduce the chemically and biologically oxidisable 
material therein. 



